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GRAPHICAL  ABSTRACT 


►  The  composites  of  sGNS-supported 
vertically  aligned  PANI  nanorods 
are  obtained. 

►  The  microstructure  of  composites 
can  be  controlled  by  the  concentra¬ 
tion  of  aniline. 

►  The  composites  with  hierarchical 
structure  show  superior  electro¬ 
chemical  performance. 
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Hierarchical  composites  of  sulfonated  graphene-supported  vertically  aligned  polyaniline  nanorods 
(sGNS/PANI)  are  successfully  synthesized  via  interfacial  polymerization  of  aniline  monomers  in  the 
presence  of  sulfonated  graphene  nanosheets  (sGNS).  The  FE-SEM  images  indicate  that  the  morphologies 
of  sGNS/PANI  composites  can  be  controlled  by  adjusting  the  concentration  of  aniline  monomers.  FTIR  and 
Raman  spectra  reveal  that  aligned  PANI  nanorod  arrays  for  sGNS/PANI  exhibit  higher  degree  of  conju¬ 
gation  compared  with  pristine  PANI  nanorods.  The  hierarchical  composite  based  on  the  two-electrode 
cell  possesses  higher  specific  capacitance  (497  F  g-1  at  0.2  A  g_1),  better  rate  capability  and  cycling 
stability  (5.7%  capacitance  loss  after  2000  cycles)  than  those  of  pristine  PANI  nanorods. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Supercapacitors  have  attracted  considerable  attention  as  elec¬ 
trochemical  energy-storage  devices  because  of  their  high  power 
density  and  long  cycle  life  compared  to  rechargeable  batteries 
[1-5].  To  exploit  advanced  supercapacitors,  the  active  electrode 
materials  with  improved  performance  are  vital  [6-9].  Polyaniline 
(PANI)  has  been  regarded  as  one  of  the  most  promising  electrode 
materials  due  to  its  low  cost,  easy  and  economic  synthesis,  high 
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energy-storage  capacity,  and  controllable  electrical  conductivity 
[10-12].  Unfortunately,  PANI  also  exhibits  poor  cycling  stability 
derived  from  the  volumetric  changes  during  the  doping/dedoping 
process  [13]  and  poor  electrical  conductivity  in  its  neutral  or 
alkaline  state. 

Ordered  and  aligned  nanostructures  should  be  considered  to 
improve  capacitive  performance  of  PANI  [14-18].  Nanostructured 
PANI  can  release  the  cycling  degradation  problems  caused  by  volu¬ 
metric  changes  or  structural  conformation  and  can  provide  the  short 
diffusion  path  for  enhanced  Faradic  charge  transfer  reactions  [7]. 

Graphene,  an  intriguing  two-dimensional  (2-D)  carbon  mate¬ 
rial,  is  also  a  promising  electrode  material  for  supercapacitors  due 
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to  its  extraordinarily  high  electrical  conductivity  and  large  surface 
area  [19—21].  The  combination  of  PANI  with  graphene  has  been 
proved  to  be  another  effective  way  to  improve  the  capacitance  and 
cycling  stability  of  PANI  [22-26].  However,  graphene  tend  to  form 
irreversible  agglomeration.  Moreover,  both  PANI  and  graphene  are 
insoluble.  Therefore,  the  uniform  graphene/PANI  composites 
cannot  be  obtained  by  conventional  process  methods.  As  a  result, 
the  functionalizations  of  graphene  are  of  crucial  importance. 
Functionalized  graphenes  are  usually  prepared  by  non-covalent 
wrapping  [27-29]  and  covalent  functionalization  [30-33]. 

Compared  with  conventional  graphene-based  composites,  the 
hierarchical  graphene-based  composites  are  expected  to  display 
improved  performance  in  various  applications  because  of  excellent 
conducting  pathways,  large  surface  area,  and  high  conductivity 
[34].  Xu  et  al.  [35]  fabricated  hierarchical  composites  of  PANI 
nanowire  arrays  on  graphene  oxide  sheets  by  dilute  polymeriza¬ 
tion.  The  hierarchical  composite  possessed  highest  specific  capac¬ 
itance  of  555  F  g-1  at  a  discharge  current  of  0.2  A  g_1  and  only  kept 
227  F  gA  at  2  A  g1,  which  was  ascribed  to  poor  electrical 
conductivity  of  graphene  oxide  sheets.  Introduction  of  graphene 
nanosheets  as  support  of  PANI  arrays  is  highly  effective  to  create 
good  electrically  conducting  pathways.  However,  to  our  knowledge, 
no  publications  have  reported  the  fabrication  of  hierarchical 
composites  of  graphene-supported  aligned  PANI  nanorods. 

In  this  research,  we  report  a  facile  strategy  to  synthesize  hier¬ 
archical  composites  of  sulfonated  graphene  nanosheets  (sGNS)- 
supported  vertically  aligned  PANI  nanorods  (sGNS/PANI)  by  an 
interfacial  polymerization  method.  The  sGNS/PANI  composites  are 
characterized  by  FTIR,  Raman  spectroscopy,  field-emission  scan¬ 
ning  electron  microscopy  (FE-SEM),  cycle  voltammetry  (CV)  and 
galvanostatic  charge/discharge  techniques,  respectively.  The 
resulting  composites  not  only  exhibit  high  electrochemical  capac¬ 
itance  of  PANI,  but  also  keep  the  advantage  of  excellent  rate 
performance  and  cycling  stability  of  sGNS. 

2.  Experimental 

2.1.  Preparation  of  sulfonated  graphene  nanosheets 

Graphite  oxide  (GO)  was  synthesized  from  natural  graphite 
powder  using  the  Hummers  method  [36].  The  sulfonated  graphene 
nanosheets  (sGNS)  were  prepared  following  procedures  described 
in  the  literature  [30,33].  0.5  g  of  GO  was  dispersed  in  250  mL 
deionized  water  whose  pH  was  adjusted  to  9-10  with  an  ammonia 
solution.  The  GO  sheets  formed  after  15  min  sonification.  The 
mixture  was  then  reduced  with  1.5  g  of  sodium  borohydride  at 
80  °C  for  1  h  under  constant  stirring.  After  being  centrifuged  and 
rinsed  with  deionized  water,  the  partially  reduced  GO  was  re¬ 
dispersed  in  300  g  of  deionized  water  by  mild  sonification.  The 
above  sample  was  sulfonated  with  0.75  g  of  aryl  diazonium  salt  of 
sulfanilic  acid  in  an  ice  bath  for  2.5  h.  The  post-reduction  with  1.9  g 
of  hydrazine  (80%)  was  carried  out  at  100  °C  for  12  h  to  remove  the 
remaining  oxygen  functional  groups.  The  elemental  analysis  data  of 
sGNS:  C  =  82.9%;  H  =  7.2%;  N  =  0.9%;  S  =  1.4%;  O  =  7.6%  (balance). 

2.2.  Synthesis  of  sGNS/PANI  composites 

Hierarchical  composites  of  sulfonated  graphene  nanosheets- 
supported  vertically  aligned  PANI  nanorods  (sGNS/PANI)  were 
synthesized  by  interfacial  polymerization  in  the  presence  of  sGNS 
and  aniline  monomer.  Typical  procedure  was  as  follows:  aniline 
monomers  with  various  amounts  (1, 2,  5,  6,  7, 8  and  10  mmol)  were 
dissolved  in  100  mL  chloroform  and  cooled  to  0  °C,  respectively. 
sGNS  (50  mg)  was  added  into  100  mL  of  1  M  aqueous  HC104 
solution,  and  the  mixture  was  sonicated  for  2  h  to  obtain  well- 


dispersed  suspension.  Then  ammonium  persulfate  (APS)  was  dis¬ 
solved  into  the  above  solution  (the  molar  ratio  of  aniline/APS  is  2) 
and  cooled  to  0  °C.  The  aniline  solution  and  HCIO4  solution  were 
then  carefully  transferred  to  a  500  mL  beaker.  The  reaction  was 
carried  out  at  the  interface  of  the  two  phases  at  0  °C  for  24  h.  The 
resulting  precipitates  were  filtered,  washed  with  deionized  water 
and  ethanol  for  several  times  afterwards  dried  at  60  °C  under 
vacuum  to  obtain  the  doped  sGNS/PANI  composites.  For  compar¬ 
ison,  PANI  nanorods  were  synthesized  through  the  similar  proce¬ 
dure  above  without  the  presence  of  sGNS.  The  weight  percentage  of 
sGNS  was  calculated  from  the  weight  of  the  composites  after 
polymerization,  thus  the  weight  percentage  and  yield  of  PANI  were 
also  evaluated.  The  preparation  conditions  and  chemical  compo¬ 
nent  of  sGNS/PANI  composites  and  PANI  nanorods  were  listed  in 
Table  1. 

2.3.  Characterization  methods 

The  morphologies  of  the  samples  were  examined  by  means  of 
a  field-emission  scanning  electron  microscope  (FE-SEM,  Hitachi  S- 
4800)  and  transmission  electron  microscopy  (TEM,  JEOL  JEM-2100 
at  the  accelerating  voltage  of  200  kV).  Samples  for  TEM  measure¬ 
ment  were  suspended  in  ethanol  and  supported  on  wholly  carbon- 
coated  copper  grids.  A  Rigaku  D/Max  2550  VB/PC  X-ray  diffrac¬ 
tometer  using  the  Cu-Ka  radiation  served  as  the  instrument  in  the 
study  of  X-ray  diffraction  (XRD)  patterns,  which  were  recorded 
from  3°  to  50°  (20-angle).  Fourier  transform  infrared  spectra  (FTIR) 
were  record  plotted  with  a  Nicolet  5700  spectrometer  using  KBr 
sample  pellets.  Raman  spectra  were  recorded  with  Renishaw 
inVia  +  Reflex  using  a  50  mW  He-Ne  laser  operated  at  785  nm. 

2.4.  Preparation  of  electrodes  and  electrochemical  measurements 

Electrodes  were  prepared  by  mixing  85  wt.%  of  carbon  material, 
10  wt.%  of  acetylene  black  and  5  wt.%  of  poly(tetrafluoroethylene) 
(PTFE)  binder  dispersed  in  mixed  solution  of  deionized  water  and 
ethanol  (1/1,  by  volume)  to  form  a  homogeneous  slurry.  The  slurry 
was  rolled  and  then  pressed  onto  the  titanium  mesh.  The  mass  of 
the  active  material  mass  was  about  4  mg.  The  cell  supercapacitors 
were  composed  of  two  symmetrical  working  electrodes  sand¬ 
wiched  by  a  separator  and  the  aqueous  electrolyte  solution  of  1  M 
H2SO4. 

The  electrochemical  performances  of  the  cell  supercapacitors 
were  tested  by  cyclic  voltammetry  (CV)  (on  a  CHI  760D  electro¬ 
chemical  workstation)  and  galvanostatic  charge-discharge  tests 
(on  an  LAND  CT2001A  program  testing  system).  All  of  the  experi¬ 
ments  were  carried  out  in  a  two-electrode  system.  The  potential 


Table  1 

Preparation  conditions  and  characterization  for  sGNS/PANI  composites  and  PANI 
nanorods. 


Samples 

Cani  a 

n  b 

Awt 

i^mol 

Yield 
of  PANI 

(%) 

Content 
of  PANI  (%) 

Content  of 
sGNS  (%) 

sGNS/PANI-1 

0.01 

1.86 

2/1 

16.9 

23.9 

76.1 

sGNS/PANI-2 

0.02 

3.72 

2/1 

19.4 

41.9 

58.1 

sGNS/PANI-3 

0.05 

9.3 

2/1 

22.9 

68.0 

32.0 

sGNS/PANI-4 

0.06 

11.2 

2/1 

23.7 

72.6 

27.4 

sGNS/PANI-5 

0.07 

13.02 

2/1 

26.3 

77.4 

22.6 

sGNS/PANI-6 

0.08 

14.88 

2/1 

26.8 

79.9 

20.1 

sGNS/PANI-7 

0.1 

18.6 

2/1 

28.1 

80.9 

19.1 

PANI  nanorods 

0.07 

/ 

2/1 

22.8 

100 

0 

a  CAni  is  mole  concentration  of  aniline. 
b  Kwt  is  aniline/sGNS  weight  ratio. 
c  Rmo  1  is  aniline/APS  mole  ratio. 
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range  for  CV  tests  was  -0.2-0.8  V  and  the  scan  rate  was  1  mV  s  l 
The  potential  range  for  charge/discharge  tests  was  -0.2-0.7  V. 

2.5.  Data  analysis 

For  this  two-electrode  system,  the  specific  capacitance  (Cs)  of 
the  active  electrode  materials  was  determined  by  using 

Cs  =  2  C/m  =  2  i/m(dV/dt)  (1) 

in  where  Cs  is  specific  capacitance;  i  is  discharge  current,  m  the 
mass  of  active  electrode  materials  on  single  side,  and  dV/dt  denotes 
slope  of  discharge  curve  (V— t). 

The  specific  power  (SP)  and  specific  energy  (SE)  were  calculated 
according  to  the  following  equation  [1]: 

SP  =  iV/m  (2) 

SE  =  iVt/2m  (3) 

where  i  is  discharge  current,  V  is  the  operating  potential  window,  m 

is  the  mass  of  active  material  within  the  electrode,  and  t  is 
discharge  time. 


3.  Results  and  discussion 

The  FE-SEM  images  of  PANI  nanorods,  and  sGNS/PANI 
composites  with  various  concentrations  of  aniline  are  shown  in 
Fig.  1,  respectively.  As  shown  in  Fig.  la,  the  PANI  prepared  without 
the  presence  of  sGNS  shows  random  stacking  claviform 
morphology  with  the  diameter  in  the  range  of  60-80  nm.  For  the 
sGNS/PANI  composites,  the  microstructure  of  composites  is  mark¬ 
edly  affected  by  the  concentration  of  aniline  monomer.  At  lower 
concentration  of  aniline,  the  hierarchical  composites  of  sGNS- 
supported  vertically  aligned  PANI  nanorod  arrays  are  formed,  and 
the  average  diameter  of  aligned  PANI  nanorods  is  around  10-20  nm 
(Fig.  lb-d).  The  TEM  image  (the  inset  in  Fig.  lc)  also  exhibits  the 
formation  of  arrays  of  homogeneous  PANI  nanorods  (the  black 
spots)  of  about  10  nm  diameter.  It  is  also  found  that  the  aligned 
PANI  nanorods  become  denser  with  the  increase  of  aniline 
concentration.  Flowever,  when  concentration  of  aniline  is  higher 
(>0.07  M),  the  coexisting  structure  of  aligned  PANI  nanorods  arrays 
on  the  sGNS  and  random  stacking  PANI  nanorods  with  50—80  nm 
diameter  was  formed  (Fig.  le  and  f). 

Fig.  2  depicts  the  XRD  patterns  of  sGNS,  PANI  nanorods  and 
sGNS/PANI  composite.  The  XRD  pattern  of  sGNS  has  a  broad  peak  at 


Fig.  1.  FE-SEM  images  (a)  PANI  nanorods  and  sGNS/PANI  composites  with  various  concentrations  of  aniline:  (b)  0.02  M,  (c)  0.05  M,  (d)  0.07  M,  (e)  0.08  M,  and  (f)  0.1  M,  inset  in  (c) 
showing  the  corresponding  TEM  image. 


B.  Ma  et  al.  /  Journal  of  Power  Sources  215  (2012)  36-42 


39 


around  26  =  23.8°  corresponding  to  the  diffraction  of  the  (002) 
plane,  which  results  from  the  irregular  stack  of  sulfonated  gra¬ 
phene  nanosheets.  Both  sGNS/PANI  composite  and  PANI  nanorods 
exhibit  two  reflection  peaks  centered  at  26  =  19.7  and  24.8°,  which 
can  be  ascribed  to  the  periodicity  parallel  and  perpendicular  to 
PANI  chains,  respectively  [37].  However,  in  the  sGNS/PANI  dif- 
fractogram,  the  peak  of  the  periodicity  perpendicular  to  PANI 
chains  is  obviously  stronger  than  that  of  pristine  PANI  nanorods, 
which  suggests  that  PANI  nanorod  arrays  for  sGNS/PANI  have 
higher  crystallinity  compared  with  PANI  nanorods.  It  can  be 
explained  that  PANI  nanorod  arrays  are  vertically  and  orderly 
aligned  on  the  surface  of  sGNS. 

The  FTIR  spectra  of  sGNS,  PANI  nanorods,  and  sGNS/PANI 
composite  (prepared  at  0.07  M  aniline)  are  given  in  Fig.  3.  The 
spectrum  of  the  sGNS  illustrates  the  presence  of  C=C  (vc=c  at 
1565  cm-1)  and  -SO3H  (Ps-phenyi  at  1170  cm-1,  vo=s=o  at  1033 
and  1003  cm-1)  [30,33].  The  spectrum  of  sGNS/PANI  exhibits  the 
main  IR  bands  similar  to  that  of  PANI  nanorods.  The  bands  at  1566, 
1482,  and  1291  cnrT1  are  assigned  to  the  C=C  stretching  vibrations 
in  the  quinoid  and  benzenoid  rings,  and  the  C-N  stretching 
vibration,  respectively.  It  is  also  found  that  the  C=C  stretching 
vibrations  of  the  quinoid  and  benzenoid  rings  in  sGNS/PANI  red- 
shift  compared  to  PANI  nanorods.  This  indicates  that  aligned  PANI 
nanorod  arrays  exhibit  higher  degree  of  conjugation,  which  may 
results  from  ordered  structure  of  PANI  nanorod  arrays,  as  well  as 
doping  effect  of  -SO3H  groups  for  sGNS  on  PANI. 

To  further  study  the  interaction  between  PANI  and  sGNS,  Raman 
spectroscopy  analysis  is  employed.  Fig.  4  shows  the  Raman  spectra 
of  sGNS,  PANI  nanorods,  sGNS/PANI  composite  (prepared  at  0.07  M 
aniline).  The  Raman  spectrum  of  sGNS  displays  a  broad  G  band  at 
1603  cm-1  and  a  broad  D  band  at  1318  cm-1.  For  PANI  nanorods,  the 
bands  appear  at  1601  and  1511  cm-1  represent  the  C=C  stretch  of 
quinoid  and  benzenoid  rings,  respectively.  The  bands  at  1376  and 
1333  cm-1  are  assigned  to  the  C-N»+  stretching.  The  bands  at  1232 
and  1175  cm-1  are  attributed  to  in-plane  C-H  bendings  of  quinoid/ 
benzenoid  rings,  respectively  [38].  The  sGNS/PANI  contains  the 
characteristic  bands  of  both  sGNS  and  PANI.  However,  compared 
with  pristine  PANI,  the  C=C  stretch  of  benzenoid  rings  and  in¬ 
plane  C-H  bendings  of  benzenoid  rings  in  sGNS/PANI  composite 
shift  to  lower  wavenumbers,  which  also  indicates  the  presence  of 
tz—tz  interaction  between  PANI  and  sGNS.  This  agrees  with  our  FTIR 
results  above. 


Fig.  2.  XRD  patterns  of  sGNS,  PANI  nanorods,  and  sGNS/PANI  composite  prepared  at 
0.07  M  aniline. 


Wavenumbers  /  cm'1 


Fig.  3.  FTIR  spectra  of  sGNS,  PANI  nanorods,  and  sGNS/PANI  composite  prepared  at 
0.07  M  aniline. 

A  formation  mechanism  of  sGNS/PANI  composites  with  hierar¬ 
chical  structure  is  illustrated  in  Scheme  1.  At  first,  the  sGNS  and 
oxidant  (APS)  exist  in  aqueous  phase  and  aniline  monomers  are 
dissolved  in  organic  phase.  Then  the  oxidative  polymerization  of 
aniline  occurs  and  the  aniline  oligomers  are  formed  at  the  aqueous/ 
organic  interface,  and  the  aniline  oligomers  diffuse  to  aqueous 
phase.  The  tc-tc  electron  stacking  interaction  between  aniline 
oligomers  and  the  basal  planes  of  sGNS  leads  to  PANI  to  assemble 
onto  the  surface  of  the  sGNS  [23,35],  which  act  the  active  nucle- 
ation  sites  of  PANI  growth.  When  aniline  concentration  is  lower, 
aniline  oligomers  cannot  achieve  a  supersaturation  state,  thus  the 
homogeneous  nucleation  is  suppressed.  PANI  nanorods  further 
grow  along  the  initial  nuclei,  consequently  aligned  PANI  nanorods 
arrays  on  the  sGNS  are  constructed.  At  higher  concentration  of 
aniline,  the  superfluous  aniline  oligomers  form  random  stacking 
PANI  nanorods  by  self-nucleation.  Consequently,  two  morphologies 
of  aligned  PANI  nanorods  arrays  on  the  sGNS  and  random  stacking 
PANI  nanorods  are  produced. 

To  evaluate  the  electrochemical  performances  of  the  super¬ 
capacitor  cells  based  on  sGNS/PANI  composites,  the  cycle 


Raman  shift  /  cm'1 


Fig.  4.  Raman  spectra  of  sGNS,  PANI  nanorods,  and  sGNS/PANI  composite  prepared  at 
0.07  M  aniline. 
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Scheme  1.  Schematic  presentation  for  fabrication  of  hierarchical  composites  of  sGNS-supported  aligned  PANI  nanorods. 


voltammetry  (CV)  and  galvanostatic  charge/discharge  measure¬ 
ments  are  performed  in  two  electrode  systems.  Fig.  5  depicts  the 
CVs  of  sGNS,  pristine  PANI  nanorods  and  sGNS/PANI  composite 
prepared  at  0.07  M  aniline.  In  both  CVs  of  PANI  nanorods  and  sGNS / 
PANI,  three  pairs  of  redox  peaks  are  observed,  which  indicate  that 
the  PANI  nanorods  and  sGNS/PANI  have  good  pseudocapacitance 
characteristics.  By  contrast,  the  CV  of  sGNS  exhibits  nearly  no  peaks 
and  a  much  smaller  rectangular  area. 

Fig.  6  shows  the  charge/discharge  curves  of  three  samples  at 
a  current  density  of  0.2  A  g-1.  Compared  to  PANI  nanorods,  the 
charge— discharge  curve  of  sGNS/PANI  shows  symmetrical  mirror¬ 
like  image,  indicating  that  the  reversible  redox  reaction  takes 
place  in  composite.  Both  pristine  PANI  nanorods  and  sGNS/PANI 
composite  have  much  higher  specific  capacitance  than  that  of  sGNS 
(98  F  g-1).  The  specific  capacitance  of  sGNS/PANI  (497.3  F  g-1)  is 
also  much  higher  than  the  arithmetic  mean  of  pristine  PANI 
nanorods  and  sGNS  (374.4  x  77.4%  +  98  x  22.6%  =  311.9  F  g_1)  and 
the  values  of  other  graphene/PANI  composite  reported  in  the 
literature,  such  as  graphene/PANI  nanofibres  (210  F  g-1)  [24],  and 
sulfonated  graphene/PANI  (356  F  g-1)  [39],  which  is  attributed  to 
following  two  factors.  First,  aligned  PANI  nanorods  have  smaller 
dimensions  (10-20  nm),  which  can  greatly  increase  the  utilization 
of  PANI  as  an  electrode  material.  Second,  PANI  nanorods  vertically 
deposit  sGNS  with  high  conductivity,  which  favors  the  redox 
reaction  of  PANI  component,  thus,  enhanced  the  pseudocapaci¬ 
tance  of  sGNS/PANI. 

It  is  also  found  that  the  concentration  of  aniline  has  a  significant 
influence  on  the  specific  capacitance  of  sGNS/PANI  composites 
(Fig.  7).  The  specific  capacitance  of  sGNS/PANI  increases  with  the 


concentration  of  aniline  from  0.01  to  0.07  M,  and  its  value 
approaches  maximum  (497.3  F  g_1)  at  0.07  M  aniline.  Afterwards, 
the  specific  capacitance  goes  down  with  the  increasing  concen¬ 
tration  of  aniline.  This  suggests  that  the  random  stacking  PANI 
nanorods  at  high  concentration  of  aniline  (see  Fig.  le  and  f)  are  not 
adequately  used  during  the  charge/discharge  process. 
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Fig.  5.  CV  curves  at  scan  rate  of  1  mV  s  1  of  supercapacitors  based  on  sGNS,  PANI 
nanorods  and  sGNS/PANI  composite  prepared  at  0.07  M  aniline. 
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Fig.  6.  Charge-discharge  curves  at  a  current  density  of  0.2  A  g  aof  supercapacitors 
based  on  sGNS,  PANI  nanorods  and  sGNS/PANI  composite  prepared  at  0.07  M  aniline. 


More  importantly,  the  hierarchical  structure  with  orderly 
arrays  not  only  enhances  the  specific  capacitance,  but  also 
remarkably  improves  the  rate  performance  at  a  high  current 
density.  From  Fig.  6,  we  can  also  find  the  IR  drop  of  sGNS/PANI  is 
much  lower  than  that  of  pristine  PANI,  which  reflects  that  the 
former  possesses  lower  internal  resistance  compared  to  the  latter 
[24,40].  Low  internal  resistance  is  beneficial  to  the  improvement 
of  rate  performance  in  supercapacitors.  As  shown  in  Fig.  8a,  the 
composite  kept  67.6%  of  its  capacitance  (497.3-336.3  F  g-1)  as 
current  density  is  increased  from  0.2  to  10  A  g_1,  while  the  PANI 
nanorods  lost  67.4%  (374.4-122.2  F  g^1)  of  its  capacity  in  the 
same  condition.  This  rate  capability  is  significantly  superior  to 
the  result  reported  for  the  composite  of  PANI  nanowire  arrays 
on  GO  sheets  in  the  literature  [35].  The  excellent  rate  perfor¬ 
mance  is  ascribed  to  the  high  conductivity  of  sGNS  as  a  support 
hastened  charge  transport  and  the  hierarchical  structure  with 
orderly  arrays  of  PANI  nanorods  benefited  ionic  transfer.  The 
Ragone  plots  of  PANI  nanorods  and  sGNS/PANI  also  reveal  that  the 
sGNS/PANI  has  high  power  capability.  As  shown  in  Fig.  8b,  sGNS / 
PANI  composite  delivers  a  high  energy  density  of  41.5  Wh  kg-1  at 
a  power  density  of  4.5  kW  kg-1,  which  is  about  2.8  times  larger 
than  that  of  pristine  PANI  nanorods. 


Fig.  8.  (a)  The  specific  capacitance  as  a  function  of  various  current  densities;  (b) 
Ragone  plots  (specific  power  vs.  specific  energy)  of  sGNS,  PANI  nanorods,  and  sGNS/ 
PANI  composite  prepared  at  0.07  M  aniline. 
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Fig.  7.  Influence  of  aniline  concentration  on  specific  capacitance  of  sGNS/PANI  Fig.  9.  Cycling  stability  at  a  current  density  of  1  A  g  1  of  supercapacitors  based  on 
composites.  sGNS,  PANI  nanorods  and  sGNS/PANI  composite  prepared  at  0.07  M  aniline. 
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The  stability  of  PANI  nanorods  and  sGNS/PANI  is  examined  by 
charge/discharge  cycles  at  a  current  density  of  1  A  g-1  for  2000 
cycles  (Fig.  9).  The  capacitance  retention  of  the  composite  still 
maintains  94.3%  of  its  initial  capacitance,  while  pure  PANI  nanorods 
kept  only  60%  of  its  initial  capacity.  The  better  stability  of  sGNS/ 
PANI  is  possibly  attributed  to  the  use  of  sGNS  with  exceptional 
mechanical  properties  as  a  support  and  the  tc-tu  interaction 
between  aligned  PANI  nanorods  and  the  basal  planes  of  sGNS. 

4.  Conclusions 

In  this  paper,  an  interfacial  polymerization  method  that 
synthesizes  hierarchical  composites  of  sGNS-supported  vertically 
aligned  PANI  nanorods  (sGNS/PANI)  is  developed.  The  hierarchical 
structure  with  orderly  arrays  for  sGNS/PANI  leads  to  significantly 
enhanced  electrochemical  capacitance  (497.3  F  g-1),  rate  perfor¬ 
mance  and  cycling  stability  (94.3%  capacitance  retention  after  2000 
cycles)  compared  to  pure  PANI  nanorods.  The  results  suggest  that 
the  hierarchical  composites  are  very  promising  candidates  for 
supercapacitor  materials. 
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